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Abstract 
The purpose of this study was to determine the kinematic patterns that maximized the 
vertical force produced during the water polo eggbeater kick. Twelve water polo 
players were tested executing the eggbeater kick with the trunk aligned vertically and 
with the upper limbs above water while trying to maintain as high a position as 
possible out of the water for nine eggbeater kick cycles. Lower limb joint angular 
kinematics, pitch angles and speed of the feet were calculated. The vertical force 
produced during the eggbeater kick cycle was calculated using inverse dynamics for the 
independent lower body segments and combined upper body segments, and a 
participant-specific second degree regression equation for the weight and buoyancy 
contributions. Vertical force normalized to body weight was associated with hip flexion 
(Average, r=0.691; Maximum, r=0.791; Range of Motion, r=0.710), hip abduction 
(Maximum, r=0.654), knee flexion (Average, r=0.716; Minimum, r=0.653) and knee 
flexion-extension angular velocity (r=0.758). Effective orientation of the hips resulted in 
fast horizontal motion of the feet with positive pitch angles. Vertical motion of the feet 
was negatively associated with vertical force. A multiple regression model comprising 
the non-collinear variables of maximum hip abduction, hip flexion range of motion and 
knee flexion angular velocity accounted for 81% of the variance in normalized vertical 
force. For high performance in the water polo eggbeater kick players should execute 
fast horizontal motion with the feet by having large abduction and flexion of the hips, 
and fast extension and flexion of the knees. 
Word Count: 2900 
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Introduction 
The eggbeater kick is a complex and unusual movement typically executed in water 
polo and synchronized swimming, with the main objective being to elevate the upper 
body above the water. Elevating the body assists in the performance of skills that 
involve the use of the upper limbs above water. The lower limb muscles are involved in 
producing alternating cyclical movements with the lower segments (Oliveira et al., 
2010; Klauck et al., 2006) that results in the ability to generate constant propulsive 
forces on the body that effect the height attained during the eggbeater kick (Dopsaj, 
2010; Klauck et al., 2006). Therefore, the height achieved depends on the interaction of 
variables controlled by the player (Sanders, 1999a). In keeping with the Gibsonian 
concept of affordances (Gibson, 1976; Greeno, 1994) raising the body affords increased 
freedom for shooting, passing, and blocking. That is, the upper body and upper limbs 
are clear of the water enabling increased range of joint motion by reducing the effect 
of constraints in the form of water resistance. Moreover, height has been used as an 
indicator of performance and recognized as an important factor in the efficiency of 
other water polo skills (i.e. shooting, passing, goalkeeper actions) (Davis & Blanksby, 
1977; Smith, 1998). However, to further improve understanding of the relationship 
between technique and performance, analysis of kinetics and kinematics needs to be 
conducted taking into account the mass of the players. 
There have been only a small number of detailed studies on the lower limb kinematics 
during the eggbeater kick (Sanders, 1999a; Sanders, 1999b; Homma & Homma, 2005). 
Sanders (1999b) focused on the role of the feet, relating specific variables in the 
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execution of the eggbeater kick (foot velocity, pitch and sweepback angles of the feet, 
and foot paths) with the height attained. Homma & Homma (2005) proposed coaching 
guidelines for the technique of the eggbeater kick by investigating kinematic 
parameters of the lower limbs between synchronized swimmers of different levels of 
performance (excellent-poor). Both studies provided important information about the 
kinematics of the movement but further detail is needed about the actions of the 
individual joints involved in the eggbeater kick technique and the vertical force 
produced over the period of the cycle. Addressing individual joint actions can clarify 
the role of each joint in the movement and identify more precisely which specific 
actions are associated with performance. It may be that the variance in performance 
can be explained by a limited number of kinematic variables.  
The purpose of this study was to determine the kinematic patterns that maximize the 
vertical force produced during the water polo eggbeater kick. 
 
 
Methods 
Participants 
Twelve British League Division I male water polo players (aged: 22.41 ± 1.50 years; 
body mass: 81.25 ± 6.08 kg; height: 184.75 ± 5.11 cm) were tested. At the time of this 
study, the participants had 4–5 water polo training sessions per week equivalent to 
approximately 10h per week. Written informed consent was obtained from the 
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participants. All testing procedures were approved by the University of Edinburgh 
Ethics Committee. 
 
Protocol 
Each player was asked to execute the eggbeater kick with the trunk aligned vertically 
and with the arms elevated above the water while trying to maintain as high a position 
as possible for the duration of nine cycles. 
Five portable ELMO PTC-450C cameras (4 cameras below and 1 above the water 
surface) recorded the movement. Underwater cameras were attached to the 
swimming pool wall at different heights and placed 5m away from the subject. The 
above water camera was placed 7m away from the subject with its axis horizontal. 
Camera sampling frequency was set at 25 frames per second, with an electronic 
shutter speed of 1/250 seconds, to reduce the blurring of the image that occurs when 
recording fast underwater movements. Calibration set-up was similar to Psycharakis et 
al. (2005). However, a smaller calibrated volume (1.5m x 1.5m x 1m) and closer camera 
positions were used. This should result in higher accuracy and reliability than that 
achieved by Psycharakis et al. (2005). 
 
Data Processing 
The first nine eggbeater kick cycles of the trial were analyzed. The cycle was defined as 
the period between two consecutive maximum extensions of the dominant knee. Data 
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were filtered with a 2
nd
 order Butterworth filter with a 6Hz cut-off frequency and 
interpolated to a 1600Hz frequency signal using a cubic spline function. 
Two types of markers placed on specific body landmarks enabled identification of body 
segments for digitization and calculation of variables while minimizing the drag during 
the movement of the segments in the water. Participants were marked on both lower 
limbs with red and black plastic spherical markers (2cm diameter ) (middle point 
between iliac crest and lateral knee marker, middle point between lateral knee and 
lateral malleolus marker, medial malleolus – tibia, lateral malleolus  - fibula, 1st 
Interphalangeal, 5
th
 Metatarsophalangeal) and black wax skin markers applied with a 
4cm diameter sponge (Iliac crest, greater trochanter, medial and lateral epicondyle of 
the femur, tuberosity of the calcaneus bone). Additionally a black tape (5cm x 1.9cm) 
on a white tape background was placed in the superior part of the sternum 
(manubrium) to digitize the above water point.  This orientation enabled continuous 
scaling in the vertical direction so that height could be determined accurately as a 
function of time.  
Four coordinate frames were created in four different segments of the lower limb: 
pelvis, thigh, shank and foot (Fig. 1). The moving coordinate frame at the pelvis was 
formed by the hip (left-right) vector (x1), the iliac crest-hip vector (z1), and the cross-
product vector of x1 and z1 (y1). The moving coordinate frame for the thigh was 
formed by the hip-knee vector (z2), cross-product vector of middle femur-hip and 
middle femur-knee vectors (y2), and the cross-product vector of z2 and y2 (x2). The 
moving coordinate frame for the shank was formed by the knee-ankle vector (z3), the 
7 
 
cross-product vector of middle shank-knee and middle shank-ankle vectors (y3), and 
the cross-product vector of z3 and y3 (x3). The moving coordinate frame for the foot 
was formed by the 1
st
 interphalangeal-heel vector (y4); the cross-product vector of the 
1
st
 interphalangeal-heel vector and the 5
th
 metatarsophalangeal-heel vector (z4); the 
cross-product vector of y4 and z4 (x4). 
 
*******Figure 1******* 
 
The sequence of rotation for the hip was flexion/extension (T1) followed by 
abduction/adduction (T2) then internal/external rotation (T3). The ankle followed the 
same sequence but different terminology was adopted: plantarflexion/dorsiflexion 
(T1), inversion/evertion (T2) and adduction/abduction (T3). Following this sequence 
the resulting transformation matrix (T) was calculated: 
 
ܶ = ܶ͵ × ܶʹ × ܶͳ 
 
ܶ = [ܿ݋ݏʹ × ܿ݋ݏ͵ ܿ݋ݏ͵ × ݏ�݊ͳ × ݏ�݊ʹ − ܿ݋ݏͳ × ݏ�݊͵ ݏ�݊ͳ × ݏ�݊͵ + ܿ݋ݏͳ × ܿ݋ݏ͵ × ݏ�݊ʹܿ݋ݏʹ × ݏ�݊͵ ݏ�݊ͳ × ݏ�݊ʹ × ݏ�݊͵ + ܿ݋ݏͳ × ܿ݋ݏ͵ ܿ݋ݏͳ × ݏ�݊ʹ × ݏ�݊͵ − ܿ݋ݏ͵ × ݏ�݊ͳ−ݏ�݊ʹ ܿ݋ݏʹ × ݏ�݊ͳ ܿ݋ݏͳ × ܿ݋ݏʹ ] 
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Froŵ this rotatioŶ ŵatriǆ a solutioŶ θϭ ;fleǆ/eǆtͿ, θϮ ;aďd/addͿ aŶd θϯ ;iŶt/eǆt rotͿ for 
the hip joiŶt, θϭ ;fleǆ/eǆtͿ for the kŶee joiŶt, aŶd θϭ ;plaŶtarfleǆ/dorsifleǆͿ, θϮ 
;iŶǀersioŶ/eǀersioŶͿ aŶd θϯ ;adduĐtioŶ/aďduĐtioŶͿ for the aŶkle joiŶt ǁas ĐalĐulated: 
 
θʹ =  −ݏ�݊−ଵሺܶሺ͵,ͳሻሻ 
θͳ =  ܿ݋ݏ−ଵሺܶሺ͵,͵ሻ/cos ሺθʹሻ) 
θ͵ =  ݏ�݊−ଵሺܶሺʹ,ͳሻ/cos ሺθʹሻ) 
 
Angular velocities were calculated using the coordinate frames of each body segment. 
The aŶgular ǀeloĐitǇ ǀeĐtor ω = ;ωx, ωy, ωz) was extracted from the skew-symmetric 
matrix S = S(ω): 
ሺܵ�ሻ = [ Ͳ −�௭ �௬�௭ Ͳ −�௫−�௬ �௫ Ͳ ] 
Where ω is the angular velocity of the rotating frame with respect to the fixed frame 
ܵሺ�ሻ is the differential of the rotation matrix as follows: 
 
ሺܵ�ሻ = ܴ݀௧݀ݐ ܴሺ௧ሻ−ଵ 
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Where R is the rotation matrix and t is the time interval between frames. 
 
Vertical Force Protocol 
The elliptical zone method (Ezone) (Jensen, 1976; Deffeyes & Sanders, 2005) was used 
to calculate each body segment mass and centre of mass location. Coefficients of 
variation (from 55 trials) for segment mass ranged from 0.951% (thorax plus abdomen) 
to 11.90% (neck); coefficients of variation for centre of mass position as a percentage 
distance between the landmarks ranged from 0.662% (abdomen) to 4.689% (left foot). 
Landmarks additional to those listed above were used for the Ezone method. These 
additional landmarks included mandible angle, 2nd cervical vertebra, 7th cervical 
vertebra, axes of the head of each humerus, acromioclavicular joint, xiphoid process, 
olecranon process of the ulna, wrist axis, 3rd distal phalanx, greater tubercle of the 
humerus and vertex of the head. 
The vertical force produced during the eggbeater kick was calculated using the 
following formula: 
 
ܸ �݋ݎܿ݁� = ሺሺܹ݁�݃ℎݐ + ܾݑ݋ݕܽ݊ܿݕሻ� × ͻ.ͺሻ + ሺݕ�ܵܶܿ݋݉�̈ × �ܵܶ݉ܽݏݏሻ + ሺݕ��ܶ̈ � × ��ܶ݉ܽݏݏሻ 
 
i = sample number 
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To calculate the weight plus buoyancy each participant was suspended in the vertical 
position using a swimming pool hoist and a harness, these were attached through a 
load cell that indicated the weight (KgF). Each participant was lowered very slowly until 
the black tape was no longer visible. This produced a video file where the height 
(distance from the black tape to water surface) and the corresponding weight plus 
buoyancy (displayed in the load cell display x 9.8m/s
2
) could be determined in each 
frame and a 2
nd
 degree regression equation calculated. The weight plus buoyancy was 
calculated by determining the height at each sample during the trial and inserting it 
into the 2
nd
 degree regression equation previously calculated specifically for each 
player. 
The FST system comprised the feet, shanks and thighs. The mass of the whole system 
was calculated by adding the segment masses obtained from Ezone. Each coordinate of 
the sǇsteŵ’s ĐeŶtre of ŵass was determined by summing the segmental mass-
moments and dividing by the mass of the whole system: 
 
ܺܿ݋݉�௦௧ = ܺݎݐℎ�݃ℎ + ܺݎݏℎܽ݊݇ + ܺݎ݂݋݋ݐ + ݈ܺݐℎ�݃ℎ + ݈ܺݏℎܽ݊݇ + ݈݂ܺ݋݋ݐ�ܵܶ ݉ܽݏݏ  
 
ܺ ݏ݁݃݉݁݊ݐ = ሺݔͳ + ሺሺݔʹ − ݔͳሻ × ݂ܿ݉݀ሻሻ × ݏ݁݃݉݁݊ݐ ݉ܽݏݏ 
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Where x1 is the x coordinate of the proximal marker of the segment, x2 is the distal 
marker of the segment and cmfd is the centre of mass fractional distance calculated 
with the Ezone method. 
The same process was conducted to calculate ܻܿ݋݉�௦௧  and ܼܿ݋݉�௦௧ for the n samples 
of each eggbeater kick cyle. Having calculated the coordinates of the feet, shanks and 
thighs system centre of mass, the vertical acceleration of the system was calculated 
using the central difference method: 
 
ݕ�ܵܶܿ݋݉�̈ = ሺܻܿ݋݉�+ଵ − ʹሺܻܿ݋݉�ሻ + ܻܿ݋݉�−ଵሻ  × ݏ݂ଶ 
 
i = sample number 
sf = sample frequency 
 
The head, arms and trunk (HAT) was considered as a one point mass since players were 
instructed to keep their arms and head completely still, resulting in very limited 
segmental motion. The head, arms and trunk was represented by the point digitised at 
the top of the black tape. Thus, the vertical acceleration of the system was calculated 
as: 
 
ݕ�� �ܶ̈ = ሺݕ�� �ܶ+ଵ − ʹሺݕ�� �ܶሻ + ݕ�� �ܶ−ଵሻ × ݏ݂ଶ 
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i = sample number 
sf = sample frequency 
 
Foot Pitch Angles and Foot Speed 
Foot pitch angles, speed and percent contributions of anterior-posterior, medial-lateral 
and vertical motions of the feet were calculated in MATLAB following the methods 
outlined by Sanders (1999b). Pitch (θ) is the angle between the plane of the foot and 
the direction of water flow (Fig. 2): 
 
� = (�ʹ − cos−ଵ [ܰ ∙ ݒ|ܰ||ݒ|]) ∙ ͵͸Ͳʹ�  
 
 (ݒ) is the foot velocity vector and ܰ was the vector normal to the plane of the foot 
determined as the cross-product of the vectors joining the heel marker to each of the 
phalangeal joint markers. Pitch angle (ranging from -90° to 90°) was positive when 
water flow hit the plantar surface of the foot and negative when the water flow hit the 
dorsal surface of the foot.  
 
*****Figure 2****** 
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To calculate the speed of the foot, the centre of the foot was determined as the mean 
of the three foot markers used (1
st
 interphalangeal joint, 5
th
 metatarsophalangeal joint 
and heel). X, Y, and Z component velocities were obtained by differentiation with 
respect to time of the respective foot centre coordinates. The score for foot speed over 
an n samples cycle was: 
 
Foot speed score = (∑ |ܴ�|ଶ��=ଵ ) /݊ 
 
Where ܴ� is the resultant foot velocity for the nth sample. 
 
As calculated by Sanders (1999b), the percentage of velocity components was the sum, 
across the cycle, of the squared instantaneous velocity components expressed as a 
percentage of the sum of the squares of the foot speed. 
 
Statistical Analysis 
For each variable the score of each subject was the mean across the nine cycles of the 
intra-cycle average, maximum or minimum value for both sides. The Pearson product-
moment correlation coefficient (r) was calculated using SPSS (version 20.0.0) to 
measure the linear correlation (dependence) between kinematic variables 
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and performance (vertical force normalized to body weight). All correlations were 
tested for an alpha level of 0.05. The coefficients for the vertical force model were 
calculated using the regression analysis function in Excel 2010 (version 14.0).  
 
Results 
Joint Angles 
Table 1 shows the scores across all subjects for the joint angles calculated. 
 
*******Table 1********* 
 
Table 2 shows the correlation coefficients between vertical force normalized to body 
weight and the joint angles calculated. Correlations were significant (p<0.05) for 
maximum hip abduction and hip abduction range of motion; average, maximum, and 
minimum hip flexion; average and minimum knee flexion, and knee flexion/extension 
average angular velocity. 
 
********Table 2********* 
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Foot Motion 
Table 3 shows the scores across all participants for foot speed, foot pitch angles and 
foot motion and the correlation coefficients between vertical force normalized to body 
weight and the foot speed, foot pitch angles and foot motion. A significant negative 
correlation (p<0.05) was observed for vertical foot motion. 
 
*********Table 3********* 
 
Discussion 
Kinematic Factors Affecting Eggbeater Kick Performance 
The average vertical force normalized to body weight was the performance indicator in 
this study. Thus better players were considered to produce greater vertical force 
normalized to body weight during the eggbeater kick cycle. The results revealed which 
aspects of the eggbeater kick motion are associated with high level performance and 
help distinguish players in terms of ability. Based on correlations between kinematic 
parameters and the vertical force normalized to body weight it is apparent that better 
players were characterized by large maximum abduction (r=0.654, p=0.021) and 
average flexion (r=0.691, p=0.013) of the hips throughout the cycle. Although Homma 
& Homma (2005) investigated the eggbeater kick in synchronized swimmers, this 
author highlighted similar features in excellent eggbeater kick performers: knees were 
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held as high and near the water surface, heels were kept close to the hips and knees 
were kept as wide as possible.  Average knee flexion was also correlated with 
performance (r=0.716, p=0.009) giving an advantage to players that keep their knees 
more flexed during the cycle. However, average knee flexion positively correlated with 
performance due to lower maximum knee extension (r=0.653, p=0.021) rather than 
larger maximum knee flexion values (r=0.085, p=0.794). This result agrees with Sanders 
(1999b) who noted that excessive extension would be a disadvantage because of the 
difficulty of recovering the foot without having substantial magnitude and duration of 
negative pitch. 
The direction of motion of the feet is also an important factor in eggbeater kicking 
since vertical motion of the feet was negatively correlated with performance (r=-0.590, 
p=0.043). Additionally, the duration of positive pitch angles in the feet was correlated 
with anterior-posterior motion (r=0.731, p=0.007) and negatively correlated with 
vertical motion (r=-0.743, p=0.006). It is clear that the hips control the motion of the 
feet, maximum abduction (r=0.494, p=0.102) and flexion (r=0.468, p=0.125) of the hip 
were correlated with anterior-posterior motion and medio-lateral motion of the feet 
respectively. Moreover, both maximum hip abduction and flexion were negatively 
correlated with vertical motion of the feet (abduction: r=-0.415, p=0.180; flexion: r=-
0.545, p=0.067). Sanders (1999b) reported that vertical and anterior-posterior 
components of foot velocity (r=-0.72 and r=0.72, respectively) were strongly related to 
height, suggesting that horizontal motion of the feet during the cycle is more 
favourable than vertical motion for height attained. Horizontal motion creates longer 
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periods of positive pitch angles whereas the upwards motion of the feet creates 
negative pitch angles and forces tending to push the player downwards. 
 
Vertical Force Model 
The average vertical force normalized to body weight produced during the cycle ranged 
from 2.07 N/Kg to 3.12 N/Kg. Multiple regression analysis yielded a model that 
accounted for 81% (adjusted R squared) of the variance in vertical force: 
 
ܸ݁ݎݐ�݈ܿܽ �݋ݎܿ݁ = Ͳ.͸͵͹ʹ + Ͳ.Ͳͳ͵ͷ × max ℎ�݌ ܾܽ݀ݑܿݐ�݋݊ + Ͳ.ͲͳʹͶ × ℎ�݌ ݂݈݁ݔ�݋݊ ܴܱܯ + Ͳ.ͲͲ͵ͳ× ܽݒ݁ݎܽ݃݁ ݇݊݁݁ ݂݈݁ݔ�݋݊ ܽ݊݃ݑ݈ܽݎ ݒ݈݁݋ܿ�ݐݕ 
 
The three variables have low degrees of collinearity as indicated by the correlations 
between them: maximum hip abduction and hip flexion range of motion (r=0.244); 
maximum hip abduction and average knee flexion angular velocity (r=0.381); hip 
flexion range of motion and average knee flexion angular velocity (r=0.487). Thus, the 
variance explained by the model was close to the sum of the variance explained by the 
individual variables (86%). 
The variables used in this model cover the body position and orientation of the lower 
limbs (maximum hip abduction and hip flexion range of motion) during the movement 
and the speed of the motion (average knee flexion angular velocity). 
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Maximum hip abduction was correlated with vertical force (r=0.654, p=0.021). It 
contributed to maintaining positive pitch angles (r=0.627, p=0.029) for longer duration 
(r=0.539, p=0.071) as well as being related to the horizontal motion of the feet. 
The hip flexion-extension range of motion was correlated with the vertical force 
(r=0.710, p=0.010). Because both maximum (r=0.791, p=0.002) and minimum (r=0.612, 
p=0.034) hip flexion were correlated with performance, a large hip flexion-extension 
range of motion should be maintained. Hip flexion-extension range of motion 
contributed to the medial-lateral motion of the feet (r=0.605, p=0.037) and was 
negatively correlated with the vertical motion (r=-0.520, p=0.083). Additionally it 
contributed to foot speed during the cycle (r=0.646, p=0.023). 
The average knee flexion-extension angular velocity included the phase of flexion and 
extension of the knee. Its main role in the cycle was to move the feet quickly, hence its 
correlation with foot speed (r=0.583, p=0.047). Additionally, players that exhibited 
large knee angular velocities had small vertical foot motion (r=-0.688, p=0.013).  
Conclusion 
Performance of the water polo eggbeater kick is optimised by a limited group of 
kinematic parameters. Large average hip flexion range of motion and maximum hip 
abduction together with fast knee flexion and extension are associated with 
performance. A vertical force model containing these three variables explained 81% of 
vertical force variance.  
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Figure 1. Segments axes of rotation. 
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Figure 2. Illustration of foot pitch angle (θ). 
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Table 1. Mean ± SD of joint variables calculated across all subjects. 
 
Hip 
Abduction 
Hip 
Flexion 
Hip 
Internal 
Rotation 
Knee 
Flexion 
Ankle 
Inversion 
Ankle 
Plantarflexion 
Ankle 
Adduction 
Average (°) 
34.05 ± 
7.24 
45.59 ± 
10.33 
20.35 ± 
8.09 
91.02 ± 
4.92 
2.24 ±   
3.16 
20.75 ±    
4.59 
20.79 ± 
8.58 
Maximum 
(°) 
40.83 ± 
8.06 
64.19 ± 
14.11 
46.84 ± 
8.85 
142.38 ± 
5.61 
25.36 ± 
5.83 
44.57 ±    
3.98 
43.79 ± 
10.33 
Minimum 
(°) 
7.34 ±  
7.3 
31.29 ± 
7.61 
-12.16 ± 
11.65 
37.91 ± 
8.82 
-9.11 ±  
6.72 
-18.27 ±   
4.74 
-4.00 ± 
10.82 
Range of 
Motion (°) 
33.48 ± 
3.32 
32.89 ± 
9.15 
59.01 ± 
10.64 
104.47 ± 
11.26 
34.48 ± 
4.17 
62.85 ±    
7.60 
48.21 ± 
12.16 
Average 
Angular 
Velocity 
(°/s) 
245.53 ± 
46.38 
208.92  ± 
31.26 
229.82 ± 
47.66 
316.69 ± 
35.12 
225.80 ± 
23.77 
263.85 ± 
42.58 
303.07 ± 
53.57 
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Table 2. Correlation coefficient (r), p value and r
2
 between average vertical force normalized to 
body weight and joint variables. * indicates statistical significant (p<0.05). 
 
 
Hip 
Abduction 
Hip 
Flexion 
Hip 
Internal 
Rotation 
Knee 
Flexion 
Ankle 
Inversion 
Ankle 
Plantarflexion 
Ankle 
Adduction 
Average 
r .562 .691 -.332 .716 -.009 -.001 .286 
p .057 .013* .292 .009* .978 .998 .368 
r
2
 .316 .477 .110 .513 .000 .000 .082 
Maximum 
r .654 .791 -.278 .085 .082 .112 .287 
p .021* .002* .381 .794 .800 .728 .366 
r
2
 .428 .626 .078 .007 .007 .013 .082 
Minimum 
r .455 .612 -.256 .653 .015 -.408 .101 
p .137 .034* .422 .021* .963 .188 .755 
r
2
 .207 .375 .066 .426 .000 .166 .010 
Range of 
Motion 
r .587 .710 .049 -.469 .091 .314 .225 
p .045* .010* .880 .124 .779 .321 .482 
r
2
 .344 .504 .002 .220 .008 .098 .050 
Average 
Angular 
Velocity 
r .141 .540 .361 .758 .173 .465 .216 
p .663 .070 .250 .004* .590 .128 .501 
r
2
 .020 .291 .130 .575 .030 .216 .047 
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Table 3. Mean ± SD of foot variables calculated across all subjects, and correlation coefficient 
(r), p value and r
2
 between average vertical force normalized to body weight and foot variables. 
 
Foot 
Speed 
(m/s) 
Foot Pitch Angles (°) 
Duration 
of 
Positive 
Pitch (%) 
Foot Motion (%) 
Average Maximum Minimum 
Anterior-
Posterior 
Medial-
Lateral 
Vertical 
 2.75 ± 
0.11 
10.34 ± 
3.79 
57.27 ± 
9.06 
-35.74 ± 
7.73 
64.01 ± 
4.30 
28.02 ± 
4.54 
33.09 ± 
4.76 
37.38 ± 
7.18 
r .416 .203 .436 -.244 .282 .108 .330 -0.59 
p .179 .528 .157 .445 .375 .738 .295 .043 
r
2
 .173 .041 .190 .059 .079 .012 .109 .348 
 
 
 
